Signaling, Danvers MA) antibodies on a rotator overnight at 4ᵒC. 50µl of Protein G Dynabeads 110 (Invitrogen) were added to each sample and incubated for 10 minutes at room temperature on a 111 rotator. The beads were collected from the sample and washed twice with 1% CHAPSO buffer with 112 appropriate supplements. The bound proteins were eluted from the beads using 1% CHAPSO buffer, 113 4X LDS sample buffer (Invitrogen) and 10% Reducing Agent (Invitrogen) and boiled at 95ᵒC for 5 114 minutes. 115
Western blotting was performed using NuPage 4-12% Bis-Tris Gel 1.5 mm (Invitrogen) in 1X 116 MOPS running buffer (Invitrogen). Protein was transferred onto a nitrocellulose membrane with 0.45 117 micron pores that was then washed in TBST and incubated in Odyssey Blocking Buffer for 1 hour 118 (Licor, Lincoln NE). The membranes were probed with the following antibodies overnight at 4ᵒC on 119 6 a shaker: mouse anti-Syt-1 (Millipore) or rabbit-anti-PS1 C-terminus (CT) (Cell Signaling) . 120
Respective HRP-conjugated secondary antibodies were applied for 1 hour at room temperature. 121
Membranes were developed using ECL-Plus illuminating solution (Perkin Elmer Inc., Waltham, 122 MA). The strength of the PS1/Syt-1 binding was estimated by measuring the optical density of the 123 bands corresponding to pulled down Syt-1 and respective PS1 bands using Image J. This ratio was 124 then normalized to the intensities of the input Syt1 band. 125
Immunocytochemistry/immunohistochemistry 126
Primary neurons were fixed with 4% PFA and permeabilized with 0.1% Triton X-100 detergent in 127 1.5% normal donkey serum (Jackson ImmunoResearch Laboratories, West Grove PA) in PBS. To 128 assess PS1/Syt-1 proximity, cells were incubated overnight at 4ᵒC with rabbit anti-Syt-1 (Abcam) and 129 mouse anti-PS1 (CT) (Sigma-Aldrich) antibodies. Respective Alexa Fluor 488 (A488) or Cy3 labeled 130 secondary antibodies (Thermo Fisher Scientific, USA) were applied to the cells the following day for 131 1 hour light-protected at room temperature. Glass coverslips were applied with VectaShield 132 mounting medium (Vector Laboratories Inc., Burlingame, CA). 133
Fixed free-floating sections of mouse brain tissue were permeabilized using 0.4% Triton X-100 134 detergent in 1.5% or 3% normal donkey serum (Jackson ImmunoResearch Laboratories). Tissue was 135 incubated overnight at 4ᵒC with goat anti-PS1 N-terminus (NT) (Millipore) and rabbit anti-Syt-1 136 (Abcam) antibodies, followed by a light-protected incubation with corresponding A488 or Cy3 137 labeled secondary antibodies for 1 hour. Tissue was mounted on Superfrost Plus Microscope slides 138 (Fisher) and glass coverslips were applied using VectaShield mounting medium (Vector Laboratories 139 Inc.). 140
Fluorescence Lifetime Imaging Microscopy (FLIM) 141
The extent of the interaction between PS1 and Syt-1 was determined by measuring their relative 142 proximity using FLIM, a Förster resonance energy transfer (FRET)-based technique. Briefly, neurons 143 and mouse tissue were immunostained with antibodies recognizing PS1 and Syt-1 and labeled with 144 7 A488 acting as the donor, and Cy3 as the acceptor fluorophore, respectively. A Chameleon 145
Ti:Sapphire laser (Coherent Inc., Santa Clara, CA) was used for 2 photon excitation at 780 nm and 146 A488 lifetime was recorded using a high speed photomultiplier tube (MCP R3809; Hamamatsu, 147 Iwata City, Japan) and a fast-time correlated single-photon counting acquisition board (SPC 830; 148 Becker and Hickl, Berlin, Germany). The lifetime of the donor fluorophore in the absence of an 149 acceptor fluorophore was measured to establish a no-FRET A488 baseline (t1). In the presence of an 150 acceptor, the donor fluorophore, when excited, produces a reduced emission energy but only if the 151 donor and acceptor are less than 5-10 nm distance apart. Thus the donor lifetime is reduced (t2) and 152 the degree of the donor lifetime shortening corresponds to the proximity between the donor and 153 acceptor fluorophore labeled proteins. All FLIM data acquired was analyzed using SPC image 154 software (Becker and Hickl) and FRET efficiency (%E FRET ) was calculated using the following 155 equation: %E FRET = 100*(t1-t2)/t1, where t1 and t2 are donor lifetimes in the absence and presence of 156 an acceptor, respectively. 157
Calcium imaging 158
To measure baseline levels of intracellular calcium, primary neurons were transduced with adeno-159 associated viruses carrying AAV8-CBA-YC3.6 plasmids (generous gift from Dr. E. Hudry, 160
Massachusetts General Hospital, Boston, MA), encoding a FRET-based calcium indicator -Yellow 161
Cameleon -as described previously (Nagai et al., 2004) . This ratiometric probe can be used to 162 Figure 1A ). This age effect also holds in the KCl-treated condition (+KCl), with KCl 208 treatment increasing the PS1/Syt-1 association in both older and younger neurons. While the analysis 209 did not reach statistical significance, there was a consistent trend towards the stronger association of 210 the two proteins with age, which led us to further investigate this phenomenon separately in cell 211 bodies and processes of intact primary neurons using a complementary FRET-based assay, FLIM. 212
Based on the FLIM assay, there was a significantly increased interaction between PS1 and Syt-1 in 213 both cell bodies and processes of the older neurons at the baseline conditions ( Figure 1B, -KCl) . This 214 effect may be related to differences in calcium regulation in young compared to old neurons.10 1988). Additionally, older CA1 hippocampal neurons have increased levels of basal calcium, and 217 take longer to equilibrate intracellular calcium after calcium influx (Raza et al., 2007) . These factors 218 can lead to calcium dyshomeostasis and in turn affect proteins and protein interactions that respond 219 to calcium. There are several mechanisms by which calcium homeostasis becomes dysregulated. One 220 of these is the increased presence of reactive oxygen species in aging neurons, which affects ion 221 channel -including voltage-gated calcium channel -functioning (Gorlach et al., 2015; Patel & Setsi 222 2016; Perluigi et al., 2016) . Since the PS1/Syt-1 interaction is induced by calcium (Kuzuya et. al, 223 2016), the observed increased interaction of PS1/Syt-1 in older neurons may be a result of differences 224 in the baseline calcium levels in old neurons compared to young neurons. To test this in our 225 experimental set-up, a YC3.6 FRET-based ratiometric probe was used (Nagai et al., 2004) . Indeed, a 226 greater amount of the baseline calcium in older neurons compared to younger neurons was detected 227 (Figure 1C-i) . 228
To further investigate how age would affect the calcium-triggered interaction between PS1 and Syt-1, 229
we treated young and old neurons with KCl. In cell bodies, the KCl treatment did not lead to any 230 significant differences in PS1/Syt-1 binding in either young or old neurons ( Figure 1B , baseline 231 compared to +KCl),). However, treatment with KCl still yielded a significant increase in the 232 association of PS1 and Syt1 in old compared to young neurons. In neuronal processes however, the 233 KCl treatment increased PS1/Syt-1 interaction in both young and old neurons by 1.85-fold and 1.5-234 fold respectively, compared to the baseline (-KCl). The difference between cell bodies and processes 235 in response to KCl may be explained by the fact that as neurons age, the majority of functionally 236 active Syt-1 translocate to the synapses. Further, the OGB calcium indicator confirmed that there is a 237 greater influx of calcium and/or higher intracellular calcium levels in older neurons compared to 238 younger neurons in response to this same KCl treatment ( Figure 1C-ii.) . The fact that detected 239 differences in the PS1/Syt-1 interactions between young neurons were statistically significant in the 240 FLIM assay and not in the co-immunoprecipitation from the total cell lysates indicates that FLIM is 241 11 more sensitive and better suited to detect changes in the protein association than co-242 immunoprecipitation is, especially if the protein-protein interactions differ in distinct subcellular 243 compartments, such as cell bodies and processes. 244
This increased influx in calcium may therefore be at least partially responsible for the increased 245 association between PS1 and Syt-1 in older neurons compared to younger neurons when treated with 246
KCl. This is in agreement with the finding that aging neurons experience an enhanced overshoot 247 during firing (Scott et al., 1988; Allan et al., 2013) and Syt-1 in response to calcium influx could be a protective measure against neurodegeneration. We 253 have previously reported that blocking the interaction between PS1 and Syt-1 alters synaptic vesicle 254 cycling, results in PS1 adapting its pathogenic conformation, and increases the Aβ 42/40 ratio 255 (Zoltowska et al., 2017) . It is therefore likely that the increased interaction between PS1 and Syt-1 256 during aging is intended to protect the neurons from the effects of PS1 in its pathogenic 257 conformation, which is increasingly found during aging (Wahlster et al., 2013) . The increase in the 258 interaction between PS1 and Syt-1 may be a way to remedy the tendency of PS1 to adapt its 259 pathogenic conformation during aging. It is possible that this effect is an early event that later on is 260 overpowered by chronic impairments eventually resulting in a decreased interaction between PS1 and 261 Syt-1. Future longitudinal studies should investigate how sustained increases in calcium influx and/or 262 chronic inflammation affect the association of the two proteins. 263
To determine if the PS1/Syt-1 association profiles in neurons in vitro are physiologically relevant, we 264 analyzed the interaction between PS1 and Syt-1 in the hippocampal CA1 area, an area that is 265 intimately involved in memory formation and is affected in AD. The FLIM assay was used to 266
